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molecules are known to form guest-host inclusion complexes w i t h a variety of organic molecules. Through the control of the cavity size and chemical firnctionality on the rims of these bucket-like molecules, the binding affinities for formation of inclusion complexes can be controlled and optimized for specific agents. Self-assembly techniques are used to covalently bond these reagent molecules to the surface of acoustic transducers to create dense, highly oriented, and stable thin films. Self-assembly techniques have also been used to fabricate multilayer thin film containing molecular recognition reagents through alternating adsorption of charged species in aqueous solutions. Self-assembly of polymeric molecules on the SAW device was also explored for fabricating species selective interfaces.
The quest for microchemical and biosensors has focused the need to create highly selective and highly sensitive interfaces. Various chemical species such as metals (l), metal oxides (2), metal complexes (3), organic host molecules (4), and functionalizd polymers (5) have been deposited on the transducer surface and studied as molecular recognition reagents for sensing chemical species in gas phase. Among them, organic host molecules containing a hydrophobic cavity attract increasing attention in sensor development for real-time monitoring of volatile organic compounds (VOCs). These organic receptors bind VOCs through noncovalent interactions such as van der Waals interactions and hydrogen bonding, relying heavily on their hydrophobic cavity and sensitive sensors based on host-guest chemistry. By changing the functionality and the cavity sizes of CDs, chemical specificity of host-guest interactions can be achieved. Three approaches were studied to incorporate cyclodextrin (CD) molecular recognition reagents into interfaces on surface acoustic wave (SAW) device (6). The first relies on molecular self-assembly monolayer technique to couple CDs covalently to the transducer surface as densely packed and highly orientated monolayers. The
In our research on VOC sensor development, we a i m to achieve highly selective second approach employs polyelectrolyte self-assembly technique to fabricate organized multilayer interfaces containing CDs and CAS. The third approach explores in-situ polymerization reactions to cross-link derivatized CD molecules onto the transducer surface.
Molecular recognition reagents. Cyclodextrins (CDs) are semi-natural products and are produced on the industrial scales. CDs have a preorganized rigid cavity with three different sizes and the hydroxyl groups on the rims of the cavity allow for various chemical transformations (Figure 1 ). CDs are best known to form host-guest complexes in solutions, especially in aqueous media, with organic species (7). However, derivatized cyclodextrins immobilized on capillary columns have been used for separations of a variety of organic species in gas phases at elevated temperatures (>50 'C) (8). The fact that organic enantiomers can be resolved by CD coated columns c o n f i i s that CDs bind the gas species in their cavities (8a) A recent theoretical calculation on the permethylated beta-CD revealed that the host-guest interaction is mainly controlled by van der Waals forces (9) . In the gas phase the host-guest electronic complementarity, steric complementarity (shape recognition) and the host preorganization are three key elements in determining the stability constant of a supramolecular complex (1 0). Figure 1 . Molecular structure of P-cyclodextrin and schematic representation of the cyclodextrin shape and secondary hydroxyl groups on upper rims and primary hydroxyl groups on the lower rim.
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Functionalized cyclodextrins have been studied for various applications such as enzyme mimics, separations, and drug delivery (1 1). The binding characteristics of CDs change upon functiondization of the hydroxyl groups, because of changes in the shape, size and charge distributions of the cavity and loss of certain intramolecular hydrogen bonding (12) . By creating a series of alkylated cyclodextrins and leaving the primary hydroxyl groups unchanged for future coupling to the transducer surface, we were able to study the different binding affinities towards VOCs based on the changes in the R group ( Figure 2 ) and utilize these differences to create chemically specific sensors. Self-assembled monolayers as sensing interfaces. SAMs or LB films have been used as a linker layer to immobilize enzymes and antibodies on biosensors (1 4). Similarly, we explored the possibility to use SAMs as linker layers to covalently couple cyclodextrin reagents to the transducer surface, in this case, surface acoustic wave device. It has been recognized that silanes with long alkyl chains form SAMs with organized crystalline structures. A bromo-terminated S A M was formed by the immersion of a quartz substrate into a solution of 1 1 -bromoundecyltrichlorosilane or 1 6-bromo-hexadecyltrichlorosilane hexadecane solution. The nucleophilic substitution reaction with potassium cyanate gave a isocycanate-terminated surface, which reacts in situ with primary hydroxyl groups on the CDs (Figure 3 ). The monolayers were characterized by ellipsometry measurement, contact angle measurement and FT-IR.
Several SAW devices coated with monolayer cyclodextrins were tested for sensing volatile organic compounds. Figure 4 is the real time responses of a heptakis(2-O-benzyl)-j3-cyclodextrin SAW device to halogenated hydrocarbons. The sensor response is reversible, rapid and linear, as shown in the case of perchloroethylene (Figure 4(D) and 4(E) ). The sensor is much more sensitive towards perchloroethylene and toluene (not shown here) and less sensitive to chloroform and 1 , 1 ,l -trichloroethane which are relatively larger in size. We also found that the sensitivity of the device is much lower towards smaller molecules such as methanol, Multilayer thin films with precisely controlled thickness and molecular architectures can therefore be successfully fabricated. Replacing polyanions, highly negatively charged molecular recognition reagents were employed for film fabrication. This unique approach incorporates polymer and molecular elements into the sensing film and thus results in films with polymer's physical properties and molecular film's selectivity. Multilayer molecular f i l m s of polyelectrolyte/calixarene and polyelectrolytekyclodextrin hosts were fabricated by alternating adsorption of charged species in aqueous solutions onto a substrate (quartz or silicon wafer). 250 MHz SAW device was first treated with aminopropyltrimethoxysilane, followed with deposition of poly(sodium 4-styrenesulfonate) (PSS) and then poly(dimethyldially1-ammonium) (PDDA). After this, alternating depositions of negatively charged molecular host species ( Figure 5 ) and PDDA were carried out until the desired number of bilayers was reached. Between each deposition, the device was thoroughly rinsed with deionized water. For film characterizations, silicon wafers or quartz substrates were used for film depositions.
This layer-by-layer molecular deposition approach has been successfblly employed to integrate molecular recognition reagents into the polymer films as chemically selective layers. The films were characterized with SEM, infrared and mass loading were monitored by SAW devices. These measurements revealed that the deposition process is highly reproducible and the resulting films are uniform and stable. (Figure 5 ) or sulphated P-cyclodextrin/PDDA were studied for sensing a variety of organic solvent vapors. It was found that sensor coated with the calixarene showed increased sensitivity with the increasing number of calixarene layers deposited on the SAW device. However, the sensitivity to carbon tetrachIoride and 1,1,1 -trichloroethane increases only slightly. The sensor responses to perchloroethylene (PCE) increase with increasing number of the calix[6]arene layers. The result indicates that, in addition to the surface layer, the vapor sorption also involves inner layer species. The five bilayer calix[6]arene f i l m exhibts high sensitivity towards PCE, toluene and trichloroethylene (Figure 6) . The sensor can detect vapors at sub-ppm concentrations. On the other hands, a SAW device coated with polyelectrolytes only (PDDA/PSS) didn't show increased sensitivity upon increasing thickness of the f i l m and the sensitivity is much lower (3 to 4 times less). There is no selectivity observed w i t h this film. We also fabricated a sulphated P-cyclodextrin bilayer film with PDDA. The sensor was not particularly sensitive towards hydrophobic organic vapors, which might result from high charge density and hydrophilic nature on the CD rim. Other charged CD species are now being pursued.
In-situ formation of polysiloxane cyclodextrin films on the surface. This is an in-situ polymerization approach to multilayer selective and sensitive sensing layers.
The purpose of using a siloxane formation approach is two-fold. First, this provides a simple and easily reproducible approach to multilayer films for optimization of sensitivity. Secondly, the use of a siloxane intervoid network to minimize adsorption of target VOCs into interstitial sites that will act as competitive binding sites relative to the cyclodextrin cavities. The hydrophobic VOCs would prefer to be adsorbed in the molecular host cavities. In general, SAW devices were coated by immersing the devices in a DMF solution of trimethoxysilane functionized CDs overnight (Figure 7) . The devices was then cured in the air at 60 O C for 30 min. The mass loading of the polymers on SAW devices ranges from 128 to 138 kHz, which corresponding to the film thickness of 11 to 13 nm. The films are uniform and amorphous, as revealed by SEM. The siloxane CD coated devices are sensitive and selective toward several VOCs. The response time is in seconds of the exposure to the analytes and the responses are reversible. CD-siloxane coated SAW sensors can detect analytes (perchroloethylene, trichloroethylene, trichloroethane, etc.) in tens of ppm without difficulty. We also tested the stability of these CD-siloxane coated devices. After 2 months, no significant sensitivity loss was observed. Figure 8 shows response patterns for eight vapors over four CD-siloxane coated SAW sensors. These eight vapors can be grouped into three, according to their response patterns. As expected, they are grouped by their chemical structures: nonpolar hydrocarbons (hexane and toluene), polar hydrocarbons (acetone and methanol), and halogenated hydrocarbons (chloroform, trichloroethane, and perchloroethylene and TCE). Hexane has a very low sensitivity, compared with toluene. Four halogenated hydrocarbons, though similar, have their distinct patterns. a-CD coated SAW sensor is more selective to toluene and hexane than b-CD coated sensor and on the other hand, p-CD coated sensor is more selective to halogenated hydrocarbon than a-CD. The resulted selectivity due to CD cavity size difference indicates that vapors do recognize their hosts at the gas-solid interface. The affinity of toluene toward a-CD and PCE towards p-CD is well documented in the solution studies and solid state structures.
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Conclusion
Three approaches have been studied to fabricate chemically selective interfaces for sensing volatile organic compounds. By incorporating molecular recognition reagents, cyclodextrins and their derivatives, into sensing layers, SAW sensors with high sensitivity and selectivity can be obtained. Further work includes tailoring of cyclodextrins and construction of organized sensing mutilayers and minimizing nonspecific binding.
